Abstract The Alzheimer's Disease Neuroimaging Initiative (ADNI) measures abilities broadly related to executive function (EF), including WAIS-R Digit Symbol Substitution, Digit Span Backwards, Trails A and B, Category Fluency, and Clock Drawing. This study investigates whether a composite executive function measure based on these multiple indicators has better psychometric characteristics than the widely used individual components. We applied item response theory methods to 800 ADNI participants to derive an EF composite score (ADNI-EF) from the above measures. We then compared ADNI-EF with component measures in 390 longitudinally-followed participants with mild cognitive impairment (MCI) with respect to: (1) Ability to detect change over time; (2) Ability to predict conversion to dementia; (3) Strength of cross-sectional association with MRI-derived measures of structures involved in frontal Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.ucla.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be found at: http:// adni.loni.ucla.edu/research/active-investigators/ -012-9176-1 systems, and (4) Strength of baseline association with cerebrospinal fluid (CSF) levels of amyloid β 1-42 , total tau, and phosphorylated tau 181P . ADNI-EF showed the greatest change over time, followed closely by Category Fluency. ADNI-EF needed a 40 % smaller sample size to detect change. ADNI-EF was the strongest predictor of AD conversion. ADNI-EF was the only measure significantly associated with all the MRI regions, though other measures were more strongly associated in a few of the regions. ADNI-EF was associated with all the CSF measures. ADNI-EF appears to be a useful composite measure of EF in MCI, as good as or better than any of its composite parts. This study demonstrates an approach to developing a psychometrically sophisticated composite score from commonly-used tests.
Introduction
Decline in executive function (EF) is often a debilitating feature of Alzheimer's disease (AD) and can be a symptom in mild cognitive impairment (MCI) as well (Mohs et al. 1997; Ewers et al. 2010; Tabert et al. 2006; Mungas et al. 2010) . Poor EF has been shown to be related to decline in activities of daily living (Farias et al. 2009; Cahn-Weiner et al. 2002) and to predict conversion from MCI to dementia (Nordlund et al. 2010; Gomar et al. 2011; Marra et al. 2011; Tabert et al. 2006) . For these reasons, there is considerable interest in assessing EF in older adults.
Numerous neuropsychological tests measuring EF exist. Composite measures may be more powerful than their constituent parts for detecting change (Crane et al. 2008) . The use of a composite increases measurement precision, helps avoid idiosyncratic features of a particular test that may capitalize on chance, and limits the number of statistical tests needed compared to analyzing each of the constituent parts separately. Another advantage is the possibility of increasing the range of underlying EF ability that is assessed well. If one constituent test has good precision for people with high levels of EF ability, and another has good precision for people with poor EF ability, combining them can result in a test that is good for people with both high and low levels of ability. Such a test would be more suitable for populations characterized by both high and low performers, or for looking at change from high to low function. In studies of cognitive aging, EF composites have proven to be useful for investigating change over time and for characterizing relationships between EF and measures derived from brain imaging (Carmichael et al. 2010a; Farias et al. 2011; Cardenas et al. 2011; Mungas et al. 2005; Parks et al. 2011; Smith et al. 2011; Chang et al. 2010 ) and cerebrospinal fluid (CSF) (Rolstad et al. 2011) .
The AD Neuroimaging Initiative (ADNI) study provides a good opportunity to construct and validate an EF composite using standard, widely used neuropsychological assessment instruments. The ADNI protocol includes neuropsychological assessment at each study visit, with a test battery that includes several measures of different aspects of executive function, including the Digit Symbol Substitution (Wechsler 1981) and Digit span backwards tests (Wechsler 1987 ) from the Wechsler Adult Intelligence Scale-Revised (WAIS R), the Trail Making Test parts A and B (Reitan and Wolfson 1985) , animal and vegetable Category Fluency (Morris et al. 1989) , and the Clock Drawing test (Goodglass and Kaplan 1983) . These individual tests are commonly used in clinical neuropsychological assessment, including evaluation of EF. Whether these tests can be combined into an EF composite score that has psychometric advantages over its individual components is the focus of this study.
A 2006 meta-analysis documents a strong relationship between EF and the frontal lobe of the brain (Alvarez and Emory 2006) . Recent cognitive aging research has found associations between single and composite measures of EF and imaging-derived indices of structures in frontal regions (Cardenas et al. 2011; McDonald et al. 2010) , thickness of the cortex in the prefrontal and posterior cingulate regions (Chang et al. 2010) , and the total volume of white matter hyperintensities (Smith et al. 2011; Parks et al. 2011; Farias et al. 2011; Carmichael et al. 2010a; Cardenas et al. 2011; Grambaite et al. 2011) . Based on these data, we hypothesized that an EF composite from the ADNI neuropsychological battery should have strong relationships with relevant imaging parameters. Examining the relationship between a composite measure of EF and cortical thickness and other MRI results may further our understanding of relationships between brain structure and function in older adults.
CSF biomarkers associated with higher risk of conversion from MCI to AD have been identified (De Meyer et al. 2010; Ewers et al. 2010; Trojanowski et al. 2010 ), but little is known about the relationship between these biomarkers and EF. In the Gothenburg study of people with MCI, a speed/executive function composite was associated with levels of total tau and levels of amyloid β 1-42 among people with MCI (Rolstad et al. 2011) . However, in an earlier study of people with MCI, performance on 5 individual EF tests was not significantly different between 2 groups defined by levels of total tau and amyloid β 1-42 (Nordlund et al. 2008) . It is possible that a composite score would have shown a greater effect. Here we compare side-by-side, within a single study, associations between a psychometrically sophisticated composite EF score and its individual components and CSF fluid biomarkers.
In this paper we formed an EF composite, ADNI-EF, using modern psychometric theory (R. P. McDonald 1999). We compared ADNI-EF to the individual measures that were included in the composite with four sets of analyses, among ADNI participants with MCI at baseline: (1) Ability to detect differences in rates of change; (2) Ability to predict conversion to dementia; (3) Strength of baseline association with seven MRI-derived measures specified a priori as related to frontal systems, and (4) Strength of baseline association with CSF levels of amyloid β 1-42 , total tau, and phosphorylated tau 181P . Our hypotheses were that ADNI-EF would be as able as its constituent tests to detect change and to predict conversion to dementia, and that it would be as strongly associated with the indices of brain structure derived from MRI data. Since little is known about CSF patterns, the fourth set of analyses was more exploratory. Finally, we examined rates of change and relationships to MRI and CSF in those with normal cognition (NC) and those with AD as additional exploratory analyses.
Methods

Participants
Participants were volunteers from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.ucla.edu). The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-year public-private partnership. The primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early Alzheimer's disease (AD). Determination of sensitive and specific markers of very early AD progression is intended to aid researchers and clinicians to develop new treatments and monitor their effectiveness, as well as lessen the time and cost of clinical trials. The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center and University of California -San Francisco. ADNI is the result of efforts of many co-investigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the U.S. and Canada. The initial goal of ADNI was to recruit 800 adults, ages 55 to 90, to participate in the research, approximately 200 cognitively normal older individuals who were followed for up to 3 years, 400 people with MCI who were followed for up to 3 years and 200 people with early AD who were followed for up to 2 years. Full ADNI inclusion and exclusion criteria and up-to-date information are online at www.adni-info.org.
Of the 819 participants enrolled, 229 had normal cognition, 397 had MCI, and 193 had Alzheimer's disease. Classification criteria for MCI and AD can be found elsewhere ). This study used 800 participants who had complete data for the EF measures at one or more study visits (Table 1) .
MRI
The imaging methods utilized by the ADNI have been described in detail previously (Jack et al. 2008) . ADNI used calibration techniques to maintain consistent protocols across scanners and sites. Raw dicom data of T1-weighted MP-RAGE scans acquired from 1.5 Tesla scanners at baseline visits from all participants were obtained via the ADNI database (http://www.loni.ucla.edu/ADNI/). Images were processed through FreeSurfer version 4.0.3 (a software program freely available at http://surfer.nmr.mgh.harvard.edu/) to obtain measurements of frontal lobe thickness. In our analyses we utilized mean thickness data for the following cortical regions of the left and right frontal lobes: caudal middle frontal, rostral middle frontal, superior middle frontal, lateral orbito-frontal, medial orbito-frontal, and pars triangularis.
White matter hyperintensities (WMH) were detected on co-registered T1-, T2-, and PD-weighted images using an automated method described previously (Schwarz et al. 2009; Carmichael et al. 2010b ). WMH were detected in MDT space at each voxel based on corresponding PD, T1, and T2 intensities there, the prior probability of WMH there, and the conditional probability of WMH there based on the presence of WMH at neighboring voxels. The resulting map of WMH voxels across the brain is summarized by an estimate of total WMH volume. WMH volumes estimated with this method agreed strongly with WMH volumes estimated from fluid-attenuated inversion recovery (FLAIR) MRI in a large, diverse elderly sample (Schwarz et al. 2009 ).
CSF
A subset of the participants (n0415, of whom n0190 had MCI) received at least one lumbar puncture to obtain CSF for assays of amyloid β 1-42 (Aβ), total tau (tau), and phosphorylated tau 181P (ptau). Sample collection and analysis procedures are described in detail in Shaw et al. (2009) . We also used a CSF-based "AD signature" classification developed by de Meyer et al. (2010) , which is based on Aβ and p-tau.
Conversion to dementia
Conversion from normal or MCI to AD was a primary outcome for ADNI and so was tracked very closely.
Complete methods for identifying dementia cases can be found in the ADNI protocol available at the ADNI web site http://www.adni-info.org.
Executive function measure development
We used baseline data from all three groups (NC, MCI, AD) to develop ADNI-EF. ADNI participants completed an extensive neuropsychological battery. Several of the authors (PKC, AC, and DM) reviewed the battery to pick items which could be considered indicators of EF. EF is not a unitary construct. Tasks involving planning and organization, working memory, response generation, and response inhibition are most frequently associated with frontal lobe mediated executive function, but component tasks are also highly correlated with general cognitive abilities related to reasoning and processing speed (Salthouse 2005) . Given the items available in ADNI and our goal of capturing the range of impairment associated with AD, we opted for a relatively broad and inclusive measure of EF, rather than a pure measure that might specifically relate to frontal lobe subregions of specific frontal-subcortical systems. The items we used were Category Fluency-animals, Category Fluencyvegetables, Trails A and B, Digit span backwards, WAIS-R Digit Symbol Substitution, Number Cancellation, and 5 Clock Drawing items (circle, symbol, numbers, hands, time). We were able to incorporate all these items into our composite, refining our model structure using an iterative process in which we constructed a model using confirmatory factor analysis, reviewed findings as a small group, and then constructed a revised model. Our criteria for model fit were the confirmatory fit index (CFI), the Tucker Lewis Index (TLI) and the root mean squared error of approximation (RMSEA), where criteria for excellent fit include CFI> 0.95, TLI >0.95, and RMSEA<0.05 (Reeve et al. 2007 ). We used Mplus (version 5) (Muthén and Muthén 1998-2007) using the theta parameterization and the WLSMV estimator. All the items listed above, except for Number Cancellation, were included in the final model for the EF composite score (ADNI-EF) (Fig. 1) . These EF indicators utilized a variety of response formats that present challenges for constructing summary or composite measures. These include counts in a pre-specified time span (Category Fluency, WAIS-R Digit Symbol), times to completion (Trails), number of items completed correctly (Digit Span Backwards), and dichotomous correct/incorrect (clock drawing). We developed ordered categorical transformations of the raw data to facilitate development of composite scores that did not make strong assumptions about the distributions of scores. We recoded the raw scores into ordinal scales with 10 categories, the maximum allowed by Mplus for ordinal variables. For example, Trails A had a time limit of 150 s and Trails B had a time limit of 5 min. We treated these right-censored values as the lowest (worst EF) category of the transformed categorical variable. For Trails A we assigned times to the remaining categories based on time of completion, with 118-150 s the lowest category, 94-117 next, 73-93, 53-72, etc. Our categorical transformations were based on the empirically observed distributions of the raw data, with a goal of maintaining variability in the tails at the expense of maintaining variability in the middle of the distributions. Specifics on how Category Fluency, WAIS-R Digit Symbol, Digit Span Backwards and Trails A and B were transformed are given in Online Appendix 1.
Bi-factor confirmatory factor analysis models have been found to be useful in a variety of contexts (R. P. McDonald 1999) and played an important role in ADNI-EF development. The bi-factor model employed here is related to the testlet response theory extension of item response theory scores (Wainer et al. 2007 ). In particular, because we allowed flexible loadings on the secondary domains, the bi-factor model we used is analogous to the flexible testlet model employed by Li and colleagues (Li et al. 2006) . In this case, the single factor model was not a good representation of the data (Online Appendix 2). Specifically, as shown in Fig. 1 , a bi-factor structure that included secondary domain structure for correlations between Category Fluency items and that included a methods factor for the Clock Drawing items produced much improved measures of model fit. We considered additional secondary structure, such as a residual correlation for the Trails tasks or for the two tests involving digits, but these residual correlations had a negligible impact on model fit and did not influence the loadings of other indicators on the primary factor (Online Appendix 2). These considerations resulted in our final confirmatory factor analysis bi-factor model, shown in Fig. 1 .
We defined the metric for ADNI-EF to have a mean of 0, and standard deviation of 1, based on the 800 participants with complete EF data at baseline. We used item parameters (loadings and thresholds) for the global factor from the baseline model to compute scores at each follow-up visit. The resulting ADNI-EF scores are available in the ADNI data base [http://adni.loni.ucla.edu/]. Item parameters are available from the authors on request, as is a script file for analyzing the bi-factor model data.
A test information curve indicates how precisely EF is measured at each ability level. Including multiple indicators of EF that discriminate among a wide range of EF abilities will result in higher test information and a more precise measure of EF. Because we used a bi-factor model to compute ADNI-EF, the assumptions underlying the typical formulas for computing test information (Baker and Kim 2004) are not valid. Therefore, to compute test information for the ADNI-EF, we simulated multiple response patterns based on a range of underlying true values of the latent trait represented by ADNI-EF. We computed the maximum likelihood estimates (MLE) of ADNI-EF for each of the simulated response patterns. The inverse of the variance of the MLEs at each of the underlying values forms a measure of how precisely the collection of ADNI items can measure an individual's EF. Further information on the methods is available from the authors.
Measure validation
We conducted all validation and exploratory analyses in Stata 12 (StataCorp 2011). We compared ADNI-EF with the sum of the Category Fluency items, the sum of the Clock Drawing items, WAIS-R Digit Symbol Substitution total correct score, Digit Span Backwards total score, Trails A and B separately, and Trails B minus Trails A. If Trails B was less than Trails A, we set the difference to zero. The Trails A and B times, and their difference, were multiplied by -1 so that a higher score represented better cognition for all measures.
We conducted three sets of validation analyses in which we compared ADNI-EF with other measures of EF. We limited our primary validation analyses to participants with MCI at baseline, because we were interested in conversion to dementia and because there were only minor EF deficits in the NC. We converted visit month to years for use as the measure of time. For direct comparison, we standardized all EF measures to a mean of zero and a SD of one.
For our first validation analysis, we assessed the ability of the measures to detect change in cognition over time. We used mixed models with random intercepts and slopes and an unstructured covariance matrix, controlling for age, education, sex and the presence of one or more APOE ε4 alleles. We compared the resulting z-statistics (coefficient/ standard error) for year. Residual graphs were used to indicate potential problems with model fit. We used the coefficient for year and the adjusted residual standard deviation from each model to determine sample sizes needed to detect a 25 % reduction in the average rate of decline in 12 months, with 80 % power and alpha00.05, two-sided. This approach answers the question: If the estimated average rate of annual decline, given other covariates, is 1 unit per year, how many participants per group would be needed to detect an average decline of only 0.75 units/year? Second, we assessed the ability of the EF measures to predict conversion from MCI to AD. We used accelerated failure time models of time to AD, with a Weibull distribution. We controlled for age, education, sex and the presence of one or more APOE ε4 alleles. We evaluated baseline EF as a predictor of any subsequent AD, and we also evaluated EF from the preceding visit as a predictor of AD at the current visit. We assessed model fit using graphical methods based on Cox-Snell residuals.
Third, we assessed the association of baseline EF with MRI parameters derived from selected brain regions. We used regression models predicting EF, controlling for age, education, sex, one or more APOE ε4 alleles, and intracranial volume, comparing z-statistics for the MRI predictor. White matter hyperintensities were transformed to the log scale. Robust standard errors were used in all models, as the assumption of homoscedastic residuals was not met for some models
Exploratory analyses
We assessed the association of EF measures with measures of Aβ, tau, p-tau, and the CSF-derived AD-signature at baseline in regression models for EF, controlling for age, education, sex, and presence of any APOE ε4 alleles, with robust standard errors. The CSF measures were dichotomized as in Shaw (Shaw et al. 2009 ). We compared zstatistics for the CSF measures.
We also performed analyses of rates of change and of strength of association with imaging and CSF signatures among the NC and AD. We considered these exploratory rather than validation analyses because we did not expect all of the analyses to be significant in these groups.
Results
Fit for the final bifactor model shown in Fig. 1 was excellent. The CFI was 0.99, the TLI was 0.99, and the RMSEA was 0.049. The test information for ADNI-EF is shown in Fig. 2 . The curve indicates that there is measurement precision across a broad spectrum of EF ability. The curve peaks just above 7, which corresponds to a reliability of about 0.85 for those levels of EF, and is above 4 (reliability of 0.75) for all but the most extreme levels of EF.
No individual measure out-performed ADNI-EF in the three sets of validation analyses. ADNI-EF showed the most change over time, followed by Category Fluency (Table 2 ). All models had acceptable fit. Sample sizes required to detect a 25 % decrease in average annual change ranged from 2218 per group for the ADNI-EF to over 40,000 for Clock Drawing.
ADNI-EF and WAIS-R Digit Symbol were the strongest baseline predictors of conversion to AD (Table 3) . Clock Drawing, WAIS-R Digit Symbol Substitution, and Trails A, B and the difference between Trails A and B also had significant effects. ADNI-EF was also the strongest previous-visit predictor of conversion, though several other scores were nearly as strong. All models had acceptable fit.
ADNI-EF was the only measure significantly associated with each of the MRI measures, and was the most strongly associated with thickness of the lateral orbito-frontal cortex (Table 4) . WAIS-R Digit Symbol had the strongest association with WMH, and Clock Drawing had the strongest association with the thickness of the caudal middle frontal region. The difference between Trails A and B had somewhat stronger associations than ADNI-EF with the thickness of the rostral and superior middle frontal regions and of the pars-triangularis.
ADNI-EF was most strongly associated with two of the four CSF measures (Table 5) , and was significantly associated with all four. The only other measures to have significant associations with all four measures were WAIS-R Digit Symbol and Trails A. Clock Drawing and Digit Span Backwards were not significantly associated with any of the CSF measures.
Results for the NC and AD are shown in Online Appendix 3. In NC, none of the EF measures declined over time; many actually appeared to show improvement over time. Only one of the measures was significantly associated with any of the MRI regions, fewer than would be expected by chance. ADNI-EF, WAIS-R Digit Symbol, Trails B, and Trails difference all had one or two significant associations with the CSF measures, but none was clearly superior.
In AD, all of the EF measures declined over time. ADNI-EF showed the greatest change over time, reflected in sample sizes needed to detect 25 % reductions in average annual change in EF that were one-third less than the next largest sample size. Trails A had significant relationships with 5 of the 7 MRI measures, while ADNI-EF and Category Fluency had four, and WAIS-R Digit Symbol and Trails B had one (Caudal Middle Frontal). None of the CSF relationships was significant.
Discussion
We developed ADNI-EF, a composite measure of EF, using modern psychometric theory. We performed three sets of primary analyses to compare the validity of our composite score with respect to other measures of EF, among people with MCI. ADNI-EF performed as well as or better than all of the other measures of EF in detecting change over time and predicting dementia, and was the only measure significantly a Trails scores were reversed so higher scores are better for all outcomes b Sample size calculations are based on the coefficient for year and the adjusted residual standard deviation from the full model. As such, they do not directly correspond to the z-statistics The items composing ADNI-EF were chosen based on neuropsychological theory, and handled with careful statistical consideration. We did not use strength of association with external criteria either to select the indicators included in ADNI-EF or to provide weights for the items (Llano et al. 2011) ; only the covariation of the EF indicators themselves had any role in determining the scoring weights. A practical benefit of constructing a composite using psychometric theory is that the score lends itself well to data analysis. Unlike any of the individual tests that make up ADNI-EF, ADNI-EF scores are normally distributed, with interval scaling properties such that a one point change means the same thing at any ability level. This is especially useful for change over time analyses. In contrast, for example, Trails B has a skewed distribution, with a ceiling effect at 300 s, and it is unknown if a change from 60 to 90 s represents the same decrement as a change from 90 to 120 s.
While the shape of the information curve for ADNI-EF is good, ideally we would like a higher degree of measurement precision throughout. An ideal information curve for measuring change over time would be above 12 (reliability 0.92) for all levels of EF. Additional items would be needed to achieve that precision, but the ADNI neuropsychological battery did not include the EF items that would be needed to develop such a test. Achieving better reliability would require an expanded item pool.
One of the benefits of using a composite is that it combines elements from each of its constituent parts. Based on our analyses, it would be difficult to pick an individual component test as the "best" measure of EF for all purposes. In many cases, results were very similar across the component tests. Nevertheless, of the individual tests, Category Fluency was most responsive to change over time, WAIS-R Digit Symbol was the strongest baseline predictor of dementia, Trails B was the strongest previous-visit predictor of dementia, and Trails Difference, Clock Drawing, and Category Fluency were most strongly associated with the MRI parameters. The ADNI-EF composite was a more robust measure, allowing a 40 % reduction in sample size, doing slightly better than any of the individual tests at predicting dementia, and being most consistently associated with thickness of frontal lobe cortical regions measured by MRI. Taken together, these analyses provide strong support for the use of ADNI-EF among people with MCI.
A potential concern about ADNI-EF is that it includes components that may not be pure measures of frontal system-mediated executive function. This raises an important question about construct validity. Is the ADNI-EF . However, to date, a single study has assessed the relationship between CSF and EF using a composite score (Rolstad et al. 2011) . Consistent with this model and with our results, they found cross-sectional associations between a speed/EF composite and both tau and Aβ among people with MCI. In our study, associations with the CSF biomarkers were weaker across the board for NC and especially for people with AD, which again is what might be expected based on Jack et al.
The Jack et al. model is also useful in interpreting the other NC and AD exploratory analyses. As would be expected, we did not see decline in EF among people with NC, nor was there much of an association between EF and the MRI parameters, whether EF was assessed with ADNI-EF or with any of its components. We would expect decline among people with AD, and all of the EF measures showed large and statistically significant rates of decline in that group, with ADNI-EF showing the greatest responsiveness to change. The relationships with MRI were of similar but slightly lower magnitude to those found among people with MCI. Additional points about the NC and AD results are discussed in Appendix 3.
Several limitations should be noted. First, the ADNI sample was selected to mimic a clinical trial for MCI, so results may not generalize to groups of people not included in the study, such as people with higher degrees of vascular burden or people with more profound levels of cognitive impairment. Second, in the validation analyses, we repeatedly found that ADNI-EF had the strongest associations, but other tests were sometimes nearly as strong, and may have performed differently in another sample. No tests were done to establish any test as significantly better than any other using a statistical threshold. It should also be noted that we were limited to the neuropsychological tests included in the ADNI battery. A better measure of EF could likely be developed with a test battery arising from a theory (Miyake et al. 2000) or derived from an empirical perspective focused on increasing test information.
In conclusion, ADNI-EF appears to be a valid measure of EF among people with MCI in ADNI. In addition, ADNI-EF is better suited to most data analyses than any of the tests that comprise it. ADNI-EF scores are available online for analyses when a single, robust EF composite is needed in ADNI, and item parameters are available for use in other studies as well.
